Introduction
Interleukin (IL)-4 and -13 display pleiotropic immunomodulatory functions (Paul, 1991; Minty et al., 1993) . Both cytokines are key players in the immune reactions of the lung, characterized by the recruitment of professional in¯ammatory cells and lymphocytes, that eventually may alter pulmonary structure and function (lung remodeling) (Tepper et al., 1990) . Endothelial cells and lung ®broblasts may also play a role in these reactions. In the latter, IL-4 and IL-13 may increase the expression of adhesion molecules and modulate the production of pro-in¯ammatory cytokines (Sironi et al., 1994; Goebeler et al., 1997; Doucet et al., 1998a,b) . Distinct IL-4 and IL-13-receptors, but also dierent, cell-speci®c associated signaling proteins may account for such diverse biologic eects. Yet, the Janus Kinase/Signal Transduction and Activator of Transcription (JAK/STAT) and the Insulin Receptor Substrate (IRS) families are the most common signaling pathways involved Sun et al., 1995) . Indeed, IL-4 and IL-13 may induce tyrosine phosphorylation of the four JAK proteins but the pattern of activation depends on the cell type (Witthuhn et al., 1994; Welham et al., 1995; Murata et al., 1996) . In contrast, within the STAT family, STAT6 seems to be the major target for IL-4 and IL-13 (Takeda et al., 1996) . The IRS-1 and -2 proteins are encoded by closely related genes but dier in their constitutive expression, function, and response to IL-4 and IL-13 depending on the cell system Johnston et al., 1995; Schnyder et al., 1996) .
These patterns of signaling are complicated by the existence of dierent types of IL-4/IL-13 receptors (IL-4/IL-13R), several of which have been characterized. The IL-4Ra chain and the common g (gc) chain form the type I receptor whereas type II receptor comprises the IL-4Ra and IL-13Ra1 chains (Idzerda et al., 1990; Callard et al., 1996) . Recently, a new high-anity IL-13-binding subunit, IL-13Ra2, has been cloned but its function has not yet been de®ned (Aman et al., 1996) . Involvement of the common g chain (gc) in the assembly of a functional IL-13 receptor is ill-de®ned. For instance, we have recently reported that human lung ®broblasts express several types of IL-4/IL-13R. Normal lung ®bro-blasts express the type II IL-4R (IL-4Ra/IL-13Ra1) whereas tumor lung myo®broblasts co-express type II IL-4R and the gc chain (Doucet et al., 1998a) . The latter type of cells represents the dierentiated counterpart of normal ®broblasts that, upon activation, transiently (normal tissue repair) or permanently (pathological stromal reactions) express contactile proteins, such a-SM actin (Sappino et al., 1990) .
In this study, we investigated the IL-4 and IL-13 signaling pathways in human lung ®broblasts and found that these Th2 cytokines induce`a tissue-speci®c in¯ammatory-like pattern of signal'. Moreover, the constitutive expression of the gc chain in human lung tumor myo®broblasts does not inhibit the JAK/STAT signaling pathways in response to IL-4 and IL-13 as suggested elsewhere (Obiri et al., 1997) , but in addition partially modify the pattern of JAKs activation in this type of cell.
Results

Constitutive phosphorylation of the IL-4Ra chain and its association with JAK1 in pulmonary fibroblasts
Cultured normal lung ®broblasts were either stimulated or not (control) with IL-4 or IL-13, the lysates were immunoprecipitated with an anti-IL-4Ra antibody and then immunoblotted with anti-phosphotyrosine 4G10 antibody. Figure 1a shows that two proteins (about 140 and 110 kD) phosphorylated on tyrosine residues were present in all samples. The same pattern was observed when the membrane was reprobed with an anti-IL-4Ra antibody (data not shown). The 140 kD band represents the IL-4Ra chain, while the 110 kD peptide could correspond to a degradation fragment of this receptor (Rolling et al., 1995) . Moreover, we detected the presence of JAK1 in all samples when the membranes were reprobed with the anti-JAK1 antibody (Figure 1b) . These results indicate that in human lung ®broblasts, the IL-4Ra is constitutively phosphorylated on tyrosines and that the JAK1 protein is already pre-associated with this chain. Similar results were obtained with lung tumor myo®broblasts.
IL-1 and IL-13 induce tyrosine phosphorylation of JAKs protein in fibroblasts and myofibroblasts Tyrosine phosphorylation of JAK1 was detected at a very low concentration of IL-4 (1 ng/ml), while IL-13 induced phosphorylation only at concentrations of 50 ng/ml and above, both in normal (Figure 2a ,b, upper blots) and tumor lung myo®broblasts (Figure 2c, d, upper blots) . We also demonstrated that both cytokines induced tyrosine phosphorylation of JAK1 within 30 s, and this activation still persisted after 60 min (data not shown). IL-4 and IL-13 also induced the tyrosine phosphorylation of JAK2 in both cell types (Figure 2e ,f, upper blots) whereas JAK3 phosphorylation was detected only in lung myo®bro-blasts (Figure 2g ,h, upper blots).
Finally, Tyk2, the fourth member of the JAK family, was found to be constitutively tyrosine-phosphorylated in these cells. However, IL-4 and IL-13 increased its phosphorylation level in lung myo®broblasts ( Figure  2j ), but not in normal cells, where both cytokines appear to slightly decrease its extent of phosphorylation (Figure 2i ). Each membrane was reprobed with anti-JAK1, -JAK2, -JAK3 and -Tyk2 antibodies respectively, and the native proteins were homogeneously expressed in each sample (Figure 2a ± j, lower blots).
Tyrosine phosphorylation of IRS-2 in response to IL-4 and IL-13
We have shown previously that IL-4 and IL-13 induce in normal lung ®broblasts the tyrosine phosphorylation of a 170 ± 180 kD protein (Doucet et al., 1998a) which could be a member of the IRS family. Western blotting analysis indeed detected IRS-2, but not IRS-1 proteins, in normal ®broblasts (data not shown). As observed in Figure 3a , IL-4 and IL-13 induced tyrosine phosphorylation of IRS-2. Equivalent amounts of IRS-2 protein were detected when the membrane was reprobed with anti-IRS-2 antibody (Figure 3b ).
Phosphorylation and translocation of STAT6 upon IL-4 and IL-13 stimulation
Activation of JAK proteins is usually followed by tyrosine and/or serine phosphorylation, dimerization and translocation of the STAT proteins to the nucleus. Since the STAT6 protein is the major target of IL-4 and IL-13, we investigated whether these cytokines could induce its phosphorylation and nuclear translocation. In normal lung ®broblasts and in tumor myo®broblasts, STAT6 was indeed phosphorylated on tyrosine residues in response to IL-4 and IL-13 ( Figure 4a ,b, upper blots).
Confocal microscopy, in which we analysed 2 mm thick serial sections of myo®broblasts, was performed from the outside to the inner compartments of the cell ( Figure 5a ). In basal culture conditions the native STAT6 protein was located in the cytoplasm (green staining) but not in the nucleus (red staining) (Figure 5b ), whereas the phosphorylated form ( Figure 5c ) could not be detected. These pictures con®rm the speci®city of these antibodies, as well as that of the method used. By contrast, in myo®broblast cultures stimulated with IL-4 ( Figure  5d ) or IL-13 ( Figure 5e ) we detected not only the emergence of an intense green cytoplasmic staining but also a discrete yellow staining in the nucleus. Thus IL-4 and IL-13 induced tyrosine phosphorylation of STAT6 (green cytoplasmic staining) but probably also nuclear translocation of some phosphorylated STAT6 molecules, accounting for the yellow signal detected. Similar results were obtained with normal lung ®broblasts.
Tyrosine phosphorylation of STAT1 and STAT3 in response to IL-4 and IL-13
Subsequently, we also investigated whether IL-4 and IL-13 induced tyrosine phosphorylation of other STAT Figure 1 Basal phosphorylation of the IL-4Ra chain and its association with JAK1. Normal lung ®broblast cultures were stimulated or not (control) with IL-4 or IL-13 (100 ng/ml) for 10 min and analysed as described in Materials and methods. Brie¯y, lysates were immunoprecipitated (IP) using anti-IL-4Ra antibody. Immunoprecipitates were separated, transferred and probed with (a) anti-phosphotyrosine 4G10 and (b) anti-JAK1 antibodies, successively. Arrows indicate the presence of IL-4Ra and of JAK1 proteins Oncogene Unusual IL-4/IL-13-signaling in human lung fibroblasts C Doucet et al proteins in human normal lung ®broblasts and tumor myo®broblasts. Phosphorylation of STAT1 was studied using an antibody recognizing phosphorylation at tyrosine 701 which is essential for dimerization and DNA binding and constitute therefore an excellent marker of STAT1 a and b isoforms activity (Darnell et al., 1994) .
In Figure 6a ± c (upper blots), STAT1a was tyrosine phosphorylated in response to IL-4 and IL-13 in both ®broblasts and myo®broblasts, as shown by the appearance of a single band of about 160 kD. This molecular weight (MW) probably corresponds to the very rapid formation of dimers since the MW of the STAT1 a and b isoforms is 91 and 84 kD, respectively. Indeed, phosphorylation and dimerization of STAT1 (homo or heterodimers) occurred within 1 min following IL-4 or IL-13-stimulation and increased up to 30 min (Figure 6a,b, upper blots) . By reprobing the indicated. All lysates were immunoprecipitated using anti-JAK1 (a ± d), anti-JAK2 (e,f) or anti-JAK3 (g,h) antibodies. JAK phosphorylation was detected with anti-phosphotyrosine antibody 4G10 (a ± h, upper blots). Membranes were reprobed with anti-JAK or anti-Tyk2 antibodies (a ± j, lower blots). Arrows indicate the presence of JAKs family proteins. Cell extracts were also analysed by Western blotting using anti-phospho-Tyk2 (P-Tyk2) antibody both in normal (i) and tumor (j) lung ®broblasts membrane with an antibody recognizing the a and b isoforms of STAT1, we detected in all samples an equivalent amount of both isoforms of STAT1, with more STAT1a than STAT1b present (Figure 6a ± c, lower blots).
We ®nally investigated the possible implication of STAT3 in IL-4 and IL-13 signaling in these cells. Interestingly, the constitutive phosphorylation of STAT3 was observed repeatedly in tumor myo®bro-blasts (Figure 6f ), but only occasionally in normal ®broblasts (Figure 6e ). In the latter cells, IL-4 and IL-13 induced (Figure 6d ) or increased ( Figure 6e ) the tyrosine phosphorylation of STAT3, whereas in tumor myo®broblasts the two cytokines only caused an increase in the phosphorylation of STAT3 (Figure 6f ).
Constitutive phosphorylation of Erk1/Erk2 proteins in lung fibroblasts and myofibroblasts
In human keratinocytes and hepatoma cells, IL-4 and IL-13 also activate the mitogen-activated protein kinase pathway (MAPK) (Wery et al., 1996; Chuang et al., 1996) . In contrast, in human lung ®broblasts and myo®broblasts, the Erk-1 and Erk-2 proteins were found to be constitutively phosphorylated (Figure 7a,b) and their level of threonine and tyrosine phosphorylation was not signi®cantly modi®ed in response to IL-4 and IL-13 (Figure 7a,b) .
Discussion
The aim of this study was to characterize the signal transduction triggered by IL-4 and IL-13 in human lung ®broblasts, events that have to date remained totally unexplored in these cells. We herein demonstrate that IL-4 and IL-13 activate several signaling pathways common to most cell types, such as JAK1, STAT6 and IRS-2 as well as more unusual pathways for these cytokines, which utilize the STAT1 and STAT3 proteins. In human lung ®broblasts we found basal phosphorylation of the IL-4Ra chain as well as its pre-association with JAK1. In most instances tyrosine phosphorylation of the IL-4Ra chain occurs only after ligand-binding (Rolling et al., 1995; SmezBertling and Dusch, 1995) . In ®broblasts and myo®-broblasts, JAK1 was rapidly phosphorylated in response to IL-4 and IL-13. Dose-response experiments indicated that IL-4 was 50 times more ecient than IL-13 at inducing JAK1 phosphorylation. These results are in agreement with previous data showing that JAK1 phosphorylation by IL-13 is not found in normal B cells (Rolling et al., 1996) and is infrequently detected in skin ®broblasts (Murata et al., 1998) . These results could be explained by the faster on and o rates of IL-4 in equilibrium binding to the IL-4Ra/IL-13Ra1 heterodimer (Aman et al., 1996) and internalization (Doucet et al., 1998b) than those observed with IL-13.
Concerning the other members of the JAK family, we show that IL-4 and IL-13 induce the phosphorylation of JAK2 in both cell types, whereas JAK3 activation is only triggered in lung myo®broblasts. In addition, IL-4 and IL-13 increase the extent of Tyk phosphorylation in lung myo®broblasts but not in normal cells. These results indicate the existence of discrete dierences in the pattern of JAKs activation in lung myo®broblastic cells versus normal ®broblasts, that probably depend on gc chain expression.
Activation of JAK1 frequently induces activation of the IRS and STAT6 proteins (Chen et al., 1997) . In normal human lung ®broblasts, IRS-1 was undetectable whereas IRS-2 was expressed and tyrosinephosphorylated in response to IL-4 and IL-13. Interestingly, the phosphorylation of IRS-1 but not of IRS-2 has been reported in human skin ®broblasts (Murata et al., 1998) .
Activation of STAT6, the other signaling molecule activated by JAK1, was also analysed in normal lung ®broblasts and in tumor lung myo®broblasts. We showed that STAT6 is phosphorylated on tyrosine and translocated to the nucleus in response to IL-4 and IL-13 in both cell types.
STAT1 and STAT3 are not usual signal transducers for these cytokines (for review see Demoulin and Renauld, 1998; Aringer et al., 1999 ). Yet, we found that in human lung ®broblasts and myo®broblasts, the tyrosine phosphorylation of STAT1 and its dimerization (homo-or heterodimers) is a common event in response to IL-4 and IL-13. To our knowledge, the phosphorylation of STAT1 by IL-13 has not previously been reported and its activation in response to IL-4 has been only detected in a single human hepatoma cell line (Chuang et al., 1997) . Interestingly both cytokines also induced or increased STAT3 phosphorylation in our model. STAT3 phosphorylation by IL-4 and IL-13 has hitherto been described only in human B cells pretreated by ionomycin and PMA (Rolling et al., 1996) . The unusual pattern of STAT activation could be facilitated by the secretion of other cytokines able to modify the intracellular microenvironment and allow STAT1 and/or STAT3 activation by IL-4 and IL-13. For instance, lung ®broblasts secrete pro-in¯ammatory cytokines belonging to IL-6 family (Doucet et al., 1998b) which are able to trigger Tyk2, STAT1, STAT3 Figure 5 Phosphorylation and nuclear translocation of STAT6 in response to IL-4 and IL-13. Lung tumor myo®broblasts (a ± e) were analysed in basal culture conditions (b and c) or after stimulation for 15 min with IL-4 or IL-13 (200 ng/ml) (d and e, respectively). The cells were permeabilized, labeled with anti-STAT6 (b) or -phospho-STAT6 (c ± e) antibodies followed by incubation with biotinylated anti-rabbit IgG antibody and streptavidin-FITC. These cells were analysed with a laser confocal microscopy, MERIDIAN, ACAS 570, (pinhole 400 and the same rescale for all pictures). Propidium iodide stains nuclei in red whereas STAT6 or phospho-STAT6 were identi®ed by the green staining. (a) As negative controls, cells were stained with the second and third reagents only. (b) Detection of STAT6 protein (green) and nuclei (red) in untreated myo®broblasts. (c ± e) Detection of phospho-STAT6 protein (green) and nuclei (red) in basal conditions (c), in cultures stimulated with IL-4 (d) or with and MAPK activation (Guschin et al., 1995; Schiemann et al., 1997) . It is therefore likely that: (1) the constitutive phosphorylation of Tyk2, Erk1/Erk2 and occasionally of STAT3 detected in lung ®broblasts may be linked to their production of IL-6 and IL-11 (Doucet et al., 1998a) , and (2) these events could constitute a metabolic background able to favor STAT1 and STAT3 activation by IL-4 and IL-13.
Fibroblasts are an heterogeneous family of cells that express a dierent phenotype and dierent properties depending on their site of origin, including morphology, proliferation and migratory patterns, biosynthetic products, expression of surface functional molecules and secretion of chemotactic cytokines. These dier- Figure 6 Tyrosine phosphorylation of STAT1 and STAT3 in response to IL-4 and IL-13. Normal lung ®broblasts (a and b) and tumor myo®broblasts (c) were stimulated or not (0) for dierent periods of time with IL-4 or IL-13 (100 ng/ml). Cell extracts were analysed by Western blotting using anti-phospho-STAT1a (P-STAT1) antibody (a ± c, upper blots). Membranes were then reprobed with antibody recognizing both isoforms of STAT1 (a ± c, lower blots). Arrows indicate the presence of STAT1a and b isoforms. STAT3 phosphorylation was detected by immunoprecipitation (IP) with the anti-phosphotyrosine antibody (4G10) followed by incubation with anti-STAT3 antibody in normal (d and e) and tumor lung ®broblasts (f) Figure 7 Constitutive phosphorylation of Erk1/Erk2 proteins in lung ®broblasts and myo®broblasts. Normal lung ®broblasts (a) and tumor myo®broblasts (b) were stimulated or not (control) for 10 min with IL-4 or IL-13 (100 ng/ml). Cell extracts were analysed by Western blotting on a 12% SDS-polyacrylamide gel with anti-active MAPK antibody (a and b). Arrows indicate the presence of Erk1 and Erk2 proteins ences are probably associated with distinct functions which may in turn play an important role in cell adaptation to physiological and pathological situations (Schmitt-GraÈ et al., 1994; Doucet et al., 1998a; Brouty-BoyeÂ et al., 2000) .
In this respect, we have detected: (1) major dierences in the signal transduction induced by IL-4 and IL-13 in lung ®broblasts versus skin ®broblasts (Murata et al., 1998) and (2) more discrete dierences between normal and pathological lung ®broblasts. The peculiar pattern JAK/STAT phosphorylation observed in IRS-2 positive lung ®broblasts but not in IRS-1 positive skin ®broblasts (Murata et al., 1998) , may re¯ect ®broblast`tissue-speci®c' functions triggered by IL-4 and IL-13 which could play an important role in the development of stromal and/or ®brotic reactions. On the other hand, the subtle dierences in the activation of the members of the JAKs family (Tyk2 and JAK3) observed in lung myo®broblasts when compared with normal ®broblasts may aect the immunoregulatory properties of these cells (Smith et al., 1997) .
Finally in lung myo®broblasts, the constitutive expression of the gc chain, does not interfere with IL-4 or IL-13 binding (Doucet et al., 1998a) nor JAK/ STAT signaling; but favors JAK3 phosphorylation, in contrast to what has been shown previously in renal carcinoma cells transfected with the gc chain (Obiri et al., 1997) .
In summary, IL-4 and IL-13 may induce a`tissuespeci®c signaling' and the`in¯ammatory-like pattern' of signal transduction in pulmonary ®broblasts which may trigger and maintain the lung remodeling process. As already suggested by others (Smith et al., 1997) , respiratory ®broblasts could act as sentinel cells, able to favor the homing of in¯ammatory and/or metastatic cells and these properties may be dierentially in¯uenced by IL-4 and IL-13 in lung myo®broblasts.
Materials and methods
Cell culture
The origin and characteristics of human normal fetal lung ®broblasts (ICIG7) as well as of primary adult tumor lung myo®broblasts (FPA), derived from a stromal reaction to lung metastasis, have been previously described (Azzarone et al., 1984; Doucet et al., 1998a) . Cells were cultured in DMEM (Eurobio, Les Ulis, France) supplemented with 10% fetal calf serum (ATGC Biotechnologie, Noisy-le-Grand, France), 2 mM glutamine and 1% antibiotics (Gibco BRL, Cergy Pontoise, France) in a 378C, 5% CO 2 in air incubator.
Cytokines and antibodies
Human recombinant IL-4 and IL-13 were a generous gift from Schering-Plough (Dardilly, France) and Sano® Recherche (LabeÁ ge Innopole, France), respectively. The antiphospho-STAT1a (P-STAT1), and -phosphoSTAT6 (P-STAT6) antibodies came from New England BioLabs (Beverly, MA, USA) and the anti-STAT3 antibody and the streptavidin-FITC were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). The anti-STAT1, -phospho-Tyk2 (P-Tyk2), anti-Tyk2, the -active MAPK and antibodies came from Transduction Laboratories (Becton Dickinson, San Diego, CA, USA) and Promega (Madison, WI, USA), respectively. The peroxidase-conjugated antirabbit IgG, the monoclonal antibodies against JAK1 and phosphotyrosine (4G10) but also polyclonal antibodies against IRS-2, JAK2, JAK3 and STAT6 were from Upstate Biotechnology, Inc. (Euromodex, Lake Placid, NY, USA). Biotinylated goat anti-rabbit IgG, peroxidase-conjugated goat anti-mouse IgG and the CDw124 (IL-4Ra) antibodies were purchased from Immunotech (Marseille, France).
Immunoblotting and immunoprecipitation
These procedures were carried out as described previously (Lefort et al., 1995) . Brie¯y, con¯uent cultures were serumstarved overnight before each experiment to reduce basal phosphorylation. After washing, cells were stimulated with various concentrations of IL-4 or IL-13 at 378C. All stimulations were carried out for 10 min except in timecourse analyses. Cells were resuspended in lysis buer containing 0.5% or 1% Nonidet P-40. Proteins were incubated with dierent antibodies and immune complexes, then captured with protein G-Sepharose beads (Pharmacia Biotech, Uppsala, Sweden) overnight at 48C. Complexes were washed, boiled, solubilized with Laemmli buer and separated on 7.5% or 12% SDS-polyacrylamide gels before transfer onto PVDF membranes (Dupont-NEN, Boston, MA, USA). Membranes were probed with antibodies, revealed with peroxidase-conjugated antibodies and then visualized by enhanced chemiluminescence (Amersham Int., Les Ulis, France).
Indirect immunofluorescence analysis by confocal microscopy
After 48 h in culture, normal ®broblasts and myo®broblasts were incubated in serum-free medium and stimulated for 15 min with IL-4 or IL-13 (200 ng/ml) in the presence or absence of propidium iodide (for nuclear staining). Cells were washed and permeabilized with ORTHOpermea®x (Ortho Diagnostic Systems Inc., Raritan, NJ, USA) for 45 min. Indirect immuno¯uorescence was performed with anti-STAT6 and -phospho-STAT6 antibodies. Then, samples were incubated with biotinylated IgG antibody and streptavidin-FITC. After staining, cells were washed, centrifuged in a Cytospin 3 (Shandon, Pittsburgh, PA, USA) and analysed by laser scanning confocal microscopy on an ACAS 570 Interactive Laser Cytometer (Meridian Instruments Inc., Okemos, MI, USA) equipped with confocal optics.
